T he sorption of Basic Blue 69 and Acid Blue 25 dyes onto biosorbents (wood and peat) in a batch adsorber has been studied. A m odel has been developed for the design of a two-stage batch adsorber. The model has been optim ized with respect to contact tim e in order to m inimize total contact time to achieve a ® xed percentage of Basic Blue 69 and Acid Blue 25 dyes removal.
INTRO DUC TION
In recent years m any cheap, widely-available m aterials have been identi® ed as suitable adsorbents for the rem oval of colour from wastewaters. The sorption of various dyes on peat 1 3 , onto pith 4, 5 and onto wood 6, 7 has been studied.
How ever, only limited application of such data has been directed towards the design of adsorption treatment system s such as batch adsorber design 8, 9 or ® xed bed adsober design 10, 11 . Batch sorber design has m ainly concentrated on reducing adsorbent costs, which is particularly relevant when expensive sorbent materials such as active carbon, silica, zeolites and resins are used. But for cheaper adsorbents minim izing the contact tim e for a ® xed percentage of pollution removal using a ® xed mass of adsorbent will result in being able to process more batches of polluted wastewater per day, thus enabling the required treatment plant items to be reduced in size, with a decrease in the plant capital cost. The cost and perform ance of product/equipment/system or the mode of application are always of concern to control the process ef® ciency. Therefore the sorption capacity and required contact time are two of the m ost important param eters to understand in a sorption process. Equilibrium analysis is fundamental to evaluate the af® nity or capacity of a sorbent. How ever, thermodynam ic data can only predict the ® nal state of a system from an initial nonequilibrium m ode. It is therefore important to determine how sorption rates depend on the concentrations of sorbate in solution and how rates are affected by sorption capacity or by the character of sorbent in term s of kinetics. From the kinetics analysis, the solute uptake rate Ð which determ ines the residence time required for com pletion of the sorption reaction Ð m ay be analysed and established. This approach has been adopted and is presented in the present paper.
This paper studies the sorption of Basic Blue 69 (BB69) and Acid Blue 25 (AB25) dyes onto two biosorbents (wood and peat) and develops a two-stage batch adsorber design m odel. A design analysis method has been developed to predict the percentage of dye rem oval at various tim es of contact for a ® xed mass of adsorbent. The m odel enables the total contact time to be minimized to achieve a ® xed percentage of BB69 and AB25 dyes removal using a ® xed mass of biosorbent m aterial. This minim um contact tim e enables the minimum size of the batch sorption equipment to be speci® ed and therefore minimize capital investment costs.
M ATERIALS AND M ETHO DS
The cheap, widely-available sorbents used in this study are sphagnum peat m oss obtained from Northern Ireland, but widely available in m ost countries of the world, and wood particles from Northern Ireland of the soft spruce wood type.
Sorption of Basic Blue 69 Dye on Peat

Contact time
A 0.1 g sample of wood (500 ±710 mm) was added to each 50 ml volum e of BB69 dye solution. The initial concentrations of BB69 dye solution tested were 50, 100, 200 and 500 mg dm ±3 .
Equilibrium isotherms
To determine the BB69 rem oval capacities of the BB69/ peat system , isotherm experiments were carried out and the data analysed using the Langmuir equation. Isotherm s were determined for a peat particle size range of 500 ±710 mm, and the contact time given for each experiment was 8 hours.
In each case, a set weight of peat (0.02 ±0.3 g) was added to a 50 m l volum e of BB69 dye solution of initial concentration 200 m g dm ± 3 .
Sorption of Acid Blue 25 Dye on Peat
Contact time A 0.5 g sample of wood (500 ±710 mm) was added to each 50 m l volume of AB25 dye solution. The initial concentrations of AB25 dye solution tested were 20, 50, 100 and 200 m g dm ±3 .
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Equilibrium isotherms
Isotherm s were determined for a peat particle size range of 500 ±710 mm , and the contact tim e given for each experiment was 8 hours. In each case, a set weight of peat (0.05 ±0.8 g) was added to a 50 ml volume of AB25 dye solution of initial concentration 100 mg dm ± 3 .
Sorption of Basic Blue 69 Dye on W ood
Contact time A 0.1 g sample of wood (500 ±710 mm) was added to each 50 ml volume of BB69 dye solution. The initial concentrations of BB69 dye solution tested were 50, 100 and 200 mg dm ± 3 .
Equilibrium isotherms
Isotherm s were determ ined for a wood particle size range of 500 ±710 mm , and the contact tim e given for each experiment was 8 hours. In each case, a ® xed weight of wood (0.05 ±0.8 g) was added to a 50 m l volum e of BB69 dye solution of initial concentration 200 m g dm ±3 .
Sorption of Acid Blue 25 Dye on W ood
Contact time A 0.5 g sample of wood (500 ±710 mm) was added to each 50 ml volum e of AB25 dye solution. The initial concentrations of AB25 dye solution tested were 20, 50, 100 and 200 mg dm ± 3 .
Equilibrium isotherms
Isotherm s were determ ined for a wood particle size range of 500 ±710 mm , and the contact tim e given for each experiment was 8 hours. In each case, a ® xed weight of wood (0.05 ±2 g) was added to a 50 m l volume of AB25 dye solution of initial concentration 100 mg dm ± 3 .
RESU LTS AND DISC USSIO N Kinetic and Equilibrium Analysis
The kinetics of dye sorption onto peat have been studied using three m odelsÐ intraparticle diffusion, Lagergren pseudo-® rst order and pseudo-second order kinetics 12 . The m odel which provided the best correlation with experim ental data was the pseudo-second order m odel and this has been used to analyse the experim ental batch adsorber contact time data in the present paper.
The rate constant of the pseudo-second order chem ical sorption process can be determined using the following equation:
where q e is the amount of dye sorbed at equilibrium mg g 1 , q t is the amount of dye sorbed at time t (m g g ± 1 ) and k is the equilibrium rate constant for pseudo-second order sorption (g mg 1 m in 1 ).
A kinetic analysis of the sorption on peat and wood has been undertaken according to a pseudo-second equation for the dye/sorbents system . Figure 1 shows a plot of equation (2) for the sorption of BB69 using peat. The results demonstrate a highly signi® cant linear relationship between BB69 sorbed, t/q t , and t in these studies with high correlation coef® cients. The correlation coef® cients r 2 , the pseudo-second order rate parameters k, initial sorption rate h, and sorption capacity q e , are shown in Tables 1 to 4 for the sorption of BB69 onto peat and wood and AB25 onto peat and wood respectively. To be consistent it is important that the kinetic m odel should satisfy the criteria of the equilibrium isotherm. The operating lines for batch adsorber contact system s can be plotted on the equilibrium isotherm s, the equilibrium sorption capacity can be predicted from the isotherm and this equilibrium capacity, q e mg dye g 1 adsorbent, can be com pared with the theoretical q e results evaluated from the kinetic models. An isotherm study is signi® cant in obtaining the equilibrium sorption capacity as the m aximum capacity. The Langm uir isotherms for the sorption of BB69 dye and AB25 dye onto peat and wood are shown in Figures 2  and 3 The m ass balance on the agitated batch adsorber shows the slope of the operating line, for two similar stages, to be ± L/S. Since the initial dye concentration C 0 is speci® ed then the operating line can be constructed on the isotherm diagram . This is shown on Figure 3 for three initial dye concentrations Ð 20, 50 and 100 mg dm ± 3 Ð for the sorption of AB25 dye on wood. In Figure 2 , the operating lines are shown for three initial dye concentrations Ð 50, 100 and 200 mg dm ± 3 Ð of BB69 dye on wood. Knowing C 0 and ± L/S; the operating lines are drawn and the experimental isotherm equilibrium capacity q e , s is determined. These values are com pared with the theoretical predictions using equation (1) and are presented in Table 5 .
The agreement between q e and q e , s values is much greater for the pseudo-second order model than for the pseudo-® rst order model.
Batch Adsorber Design Analysis
The application of the contact time model to the design and time optim ization of batch sorbers is undertaken in this section. The basis of this m odel is now discussed.
The schem atic diagram for a two-stage sorption system is shown in Figure 4 . The solution to be treated contains L dm ± 3 solution and the dye concentration is reduced for each stage from C n 1 to C n mg dm L C n 1 C n S q n q 0 2 W hen fresh sorbents are used at each stage and the pseudo-second order rate expression is used to describe equilibrium in the two-stage sorption system, then the m ass balance equation can be obtained by com bining equations (1) and (2):
The total am ount of dye removal can be calculated analytically as follows: The dye removal, R n , in each stage can be evaluated from the equation as follows:
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The total rem oval of dye can be calculated analytically as follows:
The corresponding linear plots of the values of q e and k against initial dye initial concentration C 0 , were regressed to obtain expressions for these values in term s of the initial dye concentration. High correlation coef® cients were obtained as shown in Table 6 . Therefore it is useful for process design purposes if q e and k can be expressed as a function of C 0 for sorption of dye onto peat and wood as follows:
Substituting the values of q e and k from equations (7) and (8) into equations (5) and (6), the equations (5) and (6) can be represented as follows:
Equations (9) and (10) can then be used for predicting the removal of dye at any given initial dye concentration and the reaction tim e for any multi-stage system .
In the case of a two-stage countercurrent batch sorption system , the design procedure is now outlined. , each system num ber is based on a 10-minute contact tim e interval. In the ® rst adsorber, for example, a system number 6 implies the ® rst adsorber contact tim e; t 1 , is 6´10 60 m inutes. Therefore, the contact tim e in the second adsorber; t 2 , is the time required, T m inutes, to achieve a ® xed total % dye rem oval minus the contact time in the ® rst adsorber stage t 1 .
T t 1 t 2 11
For N systems, t 1 becom es 10N m inutes, and
The total contact time is calculated for each system number for a ® xed percentage dye rem oval. The T values are plotted against system number, as shown in Figures 5 ±12, and the m inimum contact time may be determ ined. Figures 5 and 6 show a com parison of the time for 90% BB69 rem oval using peat and 80% BB69 rem oval using wood for each stage and the total reaction tim e of the twostage countercurrent batch sorption process. Figures 7 and 8 show the m inimum contact time of the two stages in series for the two-stage sorption of BB69/peat and BB69/wood systems.
Figures 9 and 10 show a series of two-stage contacting system s. The minim um operating time for various percentages of AB25 removal in a two-stage process can be evaluated from equation (9) . The AB25 solution to be treated, contains 5 m 3 solution, the amount of sorbent added is 50 kg in each of the two stages and the AB25 initial concentration is 100 m g dm ±3 in the ® rst stage.
Figures 11 and 12 respectively show a com parison of the tim e for 80% AB25 removal using peat and 50% AB25 removal using wood for each stage and the total reaction tim e of the two-stage countercurrent batch sorption process. The minimum contact tim es for the various ® xed percentages of dye removal are shown.
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C ONC LUSIO N
The method proposed in this paper enables the contact time in a two-stage batch adsorber to be minim ized to achieve a ® xed percentage of dye rem oval. The use of a twostage adsorber enables the contact tim e to be reduced by m ore than 50% using the optimization procedure presented for dye rem ovals of over 90% . In som e cases, a single-stage batch adsorber cannot achieve the high levels of dye removal speci® ed but these can be readily achieved using an optim ized two-stage batch adsorber design. 
NO M ENC LATURE
